A novel technique, the visual-area coding technique 1VACT2, for the optical implementation of fuzzy logic with the capability of visualization of the results is presented. This technique is based on the microfont method and is considered to be an instance of digitized analog optical computing. Huge amounts of data can be processed in fuzzy logic with the VACT. In addition, real-time visualization of the processed result can be accomplished.
Introduction
Optics has excellent features such as inherent parallelism, high processing speeds, three-dimensional interconnection capabilities, and broad bandwidths for information transmission and processing. Through good use of these features of optics, digital optical computing has become an increasingly promising research field. [1] [2] [3] [4] [5] [6] [7] [8] Optical implementation of logical operation is an important subject in digital optical computing. For example, optical-array logic, 1 symbolic substitution, 2 binary-image algebra, 3 and imagelogic algebra 4 are typical techniques for the implementation of optical parallel logic.
Digital optical systems have excellent features, such as high accuracy, flexibility, and programmability, when compared with analog optical systems. On the other hand, analog-computing techniques, i.e., neuro processing, fuzzy processing, chaos, and fractal processing, have become increasingly attractive applications. To use both processing schemes, we consider a novel concept of processing, digitized analog computing. A digitized analog optical-computing system is defined as a digital optical system specified for analog data processing. Several techniques and methods have been presented on this concept. 9, 10 Recently, optical digital implementation of fuzzy logic that is based on the area coding technique 1ACT2 has been proposed. 11 The ACT is a typical example of digitized analog optical computing. Now let us consider a potential feature of optical computing. As is well known, optical parallel-logic gates treat image data as an information medium for parallel processing. An image has an inherent capacity to provide a visual interface for humans. Therefore, it is expected that an effective visual-interface system can be implemented by optical parallel computing. In other words, the availability of visual techniques provides new applications for optical computing in which data visualization is essential.
In this paper, we propose a novel coding technique, the visual-area coding technique 1VACT2, for a digitized analog optical computing system; it enables us to visualize the results of processing. Section 2 presents the ACT and the microfont method 1MFM2 on which the VACT is based. Section 3 presents principles of the VACT. Experimental result are described in Section 4 and demonstrate that fuzzy reasoning is an instance of the applications of the VACT.
Area-Coding Technique and Microfont Method
In the ACT, the gray value is represented as the area of the transparent part in a pixel, as shown in Fig. 1 . 11 Processing in the ACT is based on fuzzy logic. Fuzzy logic is an extension of set-theoretic multivalued logic in which the truth values are presented by linguistic variables. 12 The fundamental operations in fuzzy logic are the maximum, minimum, and negation operations for fuzzy sets, given by µ1A2~µ1B2 5 max3µ1A2, µ1B24, 112
µ1A2`µ1B2 5 min3µ1A2, µ1B24, 122
where µ1A2 and µ1B2 are fuzzy membership functions representing fuzzy sets and~,`, and ¬ denote the mean maximum, minimum, and negation operators, respectively. µ1X2 is a function whose value is restricted within the closed interval 30, 14.
From the point of view of the coding methodology, the code pattern used in the ACT is a kind of direct representation of numerical information. In the ACT, the gray value is represented by the aggregated bright area. In contrast, distributed representation of the numerical information can be considered, and it is mainly used in the digital-halftoning process. Digital halftoning is a practical method that renders an illusion of continuous-tone images on binary display devices. 13 Concrete methods of the digital-halftoning process, e.g., pulse-amplitude modulation, pulse-surface-area modulation, ordered dither, and MFM, have been proposed. [13] [14] [15] Among these, the MFM is suitable to render detailed pictures. The MFM is a technique that renders the gray value by conversion of the value into a specific microfont. In the MFM three typical sets of fonts are used: Bayer, Spiral, and Net. The Bayer font set for 17 gray tones is shown in Fig. 2 . Figure 3 shows the rendering process with the Bayer font set. First, each gray value of an input pixel is assigned a threshold value by a thresholdmatrix array whose elements are determined by the Bayer font set. After passing through the thresholdmatrix array, each gray value is converted into a set of binary patterns corresponding to the gray value. Note that both the ACT and digital halftoning are considered to be good examples of digitized analog processing. Therefore, it is expected that a new digitized analog optical-computing technique can be developed through their concepts.
Visual-Area Coding Technique
The novel VACT for digitized analog optical computing provides parallel maximum, minimum, and negation operations whose results can be visually observed at any time. Figure 4 shows the processing procedure for optical parallel implementation of the maximum, minimum, and negation operations with the VACT. First, in the halftoning process, a given discrete continuous-tone image is transformed into a halftoned image. An individual pixel datum is coded with a threshold-matrix array. A threshold-matrix array corresponds to the font set of the MFM. In the VACT, the Bayer font set is used. Second, in the logic-conversion process, the contrast of the halftoned image is inverted for the case of minimum operation. Third, in the discrete-correlation process, a discrete correlation is executed between the halftoned image and kernel-pattern operation. This procedure corresponds to the shadow-casting step in the ACT. 11 The result of the maximum operation is obtained directly after discrete correlation, whereas additional inversion is required for the minimum operation. In the ACT, the negation operation is achived by contrast inversion of a coded pattern. In the VACT, however, positional inversion is also required. The negation operation in the VACT must not only invert the contrast in a coded pattern but also rearrange the distribution within a coded pattern. This rearrangement of the distribution is implemented when the distribution is turned upside down, as given by
where P k , l is the value of the 1k, l2th subpixel within a coded pattern. Figure 5 shows the processing procedure of the negation operation for the case of m 5 4. Figure 6 shows an optical setup for parallel implementation of the negation operation with the VACT. Contrast inversion of a coded pattern is implemented with a cross-Nicol arrangement of a spatial-light modulator and a polarizing beam splitter. The rearrangement of the distribution is implemented with a patterned mirror. 16 The pitch of patterned mirror is set to be equal to the size of pixel.
To digitize the continuous value in the VACT, the closed interval 30, 14 must be quantized by the number of gray tones. For the case of 17 gray tones, for example, the width of the discrete level corresponds to 0.0625. This value is equal to one sixteenth of the closed interval.
Fuzzy processing that is based on fuzzy logic or on gray-scale image processing with mathematical morphology can be considered to be an application of the VACT. 11, 17, 18 Fuzzy reasoning is an effective application. In the design and tuning processes of a fuzzy control system that is based on fuzzy reasoning, visualization of the result of fuzzy reasoning is ex- pected to be useful to monitor complex system dynamics. 19, 20 
Experimental Results
To verify the principle of the VACT, we executed an optical experiment on fuzzy reasoning. Fuzzy reasoning is a processing operation to reason a subject from a fuzzy rule between fuzzy sets A and B. Fuzzy sets A and B are represented by vectors A 5 5a 1 , . . . , a n 6 and B 5 5b 1 , . . . , b m 6, where a i and b j are the values of the ith members of fuzzy set A and the jth member of fuzzy set B, respectively. A fuzzy rule between fuzzy sets A and B is represented by a fuzzy relation, W. Fuzzy relation W is represented by the Cartesian product of fuzzy sets W. The Cartesian product of fuzzy sets W is a matrix in the product space A 3 B. W and its element w ij are expressed as
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By using the fuzzy relation W, we can reason out fuzzy set B8 from the input fuzzy set, A8, which is different from A. Each element b j 8 of the reasoned fuzzy set B8 is given by
In the experiment, we defined fuzzy sets A and B as vectors A and B, as shown in Figs. 71a2 and 71b2 . The given fuzzy rule is represented by the fuzzy relation matrix W, as shown in Fig. 71c2 . Figure 71d2 shows the coded pattern of W. The input membership function µ1A82 is given by the vector A8 shown in Fig. 71e2. Figure 71f 2 shows the expansion of the coded pattern of A8. Figure 81a2 shows the experimental setup for min5a i 8, w i j 6 in Eq. 172. The coded pattern of A8 is illuminated by a plane wave, which is superimposed on the coded pattern of W. By thresholding the superimposed image with the unit level of intensity, we can get the result of min5a i 8, w i j 6. The theoretical result of min5a i 8, w i j 6 and its experimental result are shown in Figs. 91a2 and 91c2 , respectively. Figure 81b2 shows the experimental setup for max3min5a i 8, w i j 64 in Eq. 172. The result of min5a i 8, w i j 6 is illuminated by n LED's. As a result, the optical distribution is duplicated, shifted, and superimposed on the observed plane. The theoretical and experimental results of max3min5a i 8, w i j 64, i.e., the membership function µ1B82 reasoned from the input membership function µ1A82 are shown in Figs. 91b2 and 91d2 , respectively. 
Conclusion
We have presented a novel technique, the visual-area coding technique 1VACT2, for the optical implementation of fuzzy logic with the capacity to provide a visualization of the results. This technique is based on the microfont method 1MFM2 and is considered to be an instance of digitized analog optical computing. Huge amounts of data can be processed in fuzzy logic with the VACT. Moreover, real-time visualization of processed results can be accomplished. Because a lot of pixels must be prepared and processed in the VACT, a highly parallel processing system is required for implementation. The pure optical-parallel-array logic system 21 is a promising architecture for effective execution of the VACT.
